Reactions of molybdenum and tungsten atoms with nitrous oxide in excess argon: A combined matrix infrared spectroscopic and theoretical study
I. INTRODUCTION
There is an increased attention to applications of oxides and nitrides of Ge in electronic devices. 1 The greater mobility of carriers in germanium ͑Ge͒ than in silicon ͑Si͒ has promoted renewed interest in Ge-based high-performance logic devices. 2 SiGe p metal-oxide semiconductor fieldeffect transistor has attracted much attention because of the improved mobility and current drive capability. 3 Si/Ge quantum dots embedded in an insulator have prospective applications not only for silicon-based optoelectronic devices having a large quantum efficiency for light emission 4, 5 but also for single-electron transistor memories at ambient temperature. 6, 7 With ultrahigh-vacuum chemical vapor deposition, Kim et al. demonstrated that annealing with N 2 O is an important factor in the formation of Ge dots on insulators. 8 Bera et al. also demonstrated that Si/Ge oxide films grown in a N 2 O ambient have much improved leakage current, charge to breakdown, and breakdown field over those grown under pure O 2 . 9 A fundamental understanding of the reaction between Ge and N 2 O is hence important in these processes.
The interactions of N 2 O with Ge ͑111͒, disordered Ge ͑111͒, and amorphous Ge surfaces were studied near 300 K using high-resolution electron energy-loss spectroscopy ͑EELS͒, core-level and valence-band EELS, and Auger electron spectroscopy. 10 From these investigations, N 2 O molecules were found to decompose into desorbing N 2 molecules and chemisorbed oxygen atoms. 15 To explain these results, they proposed a mechanism involving a preferential reaction of Ge in its 3 P 1 state with N 2 O to form a "reservoir" GeO ‫ءء‬ state, from which the emitting GeO ‫ء‬ states were produced via collision.
Theoretical calculations on the Ge+ N 2 O system, which focused on the formation of a GeONN complex and subsequent reactions, have been reported. 18 An argument based on electronic correlations among separated fragments Ge+ O +N 2 was proposed to explain the inefficiency of the lowenergy adiabatic path from ground-state reactants Ge͑ 3 P͒ +N 2 O͑ 1 ⌺ + ͒ to energetically accessible GeO+ N 2 ͑ 1 ⌺ g + ͒ product states. No other reaction channels of the reaction Ge +N 2 O have been investigated either experimentally or theoretically.
Naulin et al. investigated the reaction of Si+ N 2 O using laser-induced fluorescence to detect SiN and deduced the existence of the product channel SiN+ NO. 19 The reaction intermediate trans-SiNNO was observed in a matrix codeposited from Si vapor and a gaseous mixture of N 2 O and Ar. method, we also observed matrix-isolated GeNO and ONGeNO produced from reaction of laser-ablated Ge with NO. 22 As a continuation of our investigation of reactions of Ge with small molecules, we report here the observation of IR absorption of singlet GeNNO and tentatively triplet GeONN and singlet cyc-Ge-2 ͓NN͑O͔͒, produced from the reaction of Ge with N 2 O and their various 15 N-labeled species.
II. EXPERIMENTS
The experimental setup is similar to one described previously; 21, 22 we provide only brief descriptions here. An oven replaced the laser-ablation setup employed previously to generate gaseous atomic Ge vapor; the design of the oven developed by Maier et al. is described elsewhere. 23 Approximately 4-10 mmol of a N 2 O / Ar ͑1/150-1/300͒ mixture was codeposited with Ge vapor onto a cold Ni-plated Cu substrate for 0.5-1.0 h; the substrate was maintained at 11 K with a closed-cycle refrigerator ͑expander: Advanced Research Systems, model DE202A; compressor: APD Cryogenics, model HC-4MK͒.
Several light sources were employed to irradiate the matrix sample to induce photodissociation. Low-pressure and medium-pressure Hg lamps coupled with several optical filters of varied bandpass served as conventional light sources. A KrF excimer laser ͑248 nm, Lamda Physik, model LPX240i͒ and an ArF excimer laser ͑193 nm, Gam laser, model EX100H/60͒, both operated at 3 Hz with energies ϳ3 mJ pulse −1 , were also employed at various stages of experiments.
IR absorption spectra were recorded with a Fouriertransform IR spectrometer ͑Bruker, model VERTEX-V80͒ equipped with a KBr beam splitter and a photovoltaic Hg/ Cd/Te detector ͑77 K͒ to cover the spectral range 770-4000 cm −1 . Typically 200 scans at resolution of 0.5 cm −1 were recorded at each stage of experiments. A thermally shielded boron-nitride crucible ͑orifice of 3 mm͒ filled with Ge lumps ͑ϳ50 mg͒ was heated resistively with water-cooled electrodes ͑typical current ϳ45 A at 5 V͒ from a dc power supply ͑Good Will Instek, model PHS-10100A͒. Under these conditions the surface temperature of the molten Ge was estimated to be ϳ1430 K. Before the cryogenic compressor was turned on, the oven was slowly preheated to ϳ1430 K for 2 h until the pressure of the vacuum system dropped below 10 −5 Torr to remove GeO from the Ge surface and trace adsorbates from the walls, followed by cooling the oven to 298 K before cooling the Ni-plated Cu substrate. After the substrate was cooled down to 11 K, the oven was heated to 1430 K in 3 min. 24 After the reaction, the reagents were cooled to 298 K and the gaseous products were trapped at 77 K. This crude N 2 O sample was vaporized and further purified on condensation into a trap originally containing aqueous NaOH ͑5 cm 3 , ϳ5M, thoroughly degassed͒, followed by three freeze-pump-thaw cycles at 77 K to remove traces of N 2 , NO 2 
III. COMPUTATIONAL METHODS
The equilibrium geometries, energies, vibrational wavenumbers, and IR intensities were computed with the GAUSS-IAN 03 program. 26 Our calculations are based on B3LYP density-functional theory ͑DFT͒ that uses Becke's threeparameter hybrid exchange functional 27 and the Slater exchange functional with corrections involving a gradient of the density and a correlation functional of Lee, Yang, and Parr, with both local and nonlocal terms. 28 Dunning's correlation-consistent polarized valence triple-zeta basis set augmented with s, p, d, and f functions ͑aug-cc-pVTZ͒ 29 and the standard split valence 6-311G basis for first-row atoms and the McLean-Chandler ͑12s ,9p͒ ͑631111,52111͒ basis sets for second-row atoms including p, d, and diffuse functions ͓designated 6-311+ G͑d , p͔͒ were used. 30, 31 For the description of a germanium atom the Wood-Boring quasirelativistic effective core potential [32] [33] [34] MWB28 of the Stuttgart/ Dresden theoretical group, replacing 28 core electrons by a pseudopotential, was applied. Analytic first and second derivatives were applied for geometry optimization and vibrational wavenumbers at each stationary point.
IV. EXPERIMENTAL RESULTS

A. Reactions of Ge with N 2 O
The IR spectrum of a sample of N 2 O / Ar ͑1/300͒ at 11 K exhibits intense lines at 1282.8 ͑ 1 ͒ and 2218.6 ͑ 3 ͒ cm −1 and weak lines at 1167.5 ͑2 2 ͒, 2459.6 ͑ 1 +2 2 ͒, 2559.2 ͑2 1 ͒, 3358.6 ͑2 2 + 3 ͒, and 3473.6 ͑ 1 + 3 ͒ cm −1 due to N 2 O; a partial spectrum is shown in trace ͑a͒ of Fig. 1 Fig. 3 .
The observed wavenumbers of these new features from the reaction of Ge with various 15 N-labeled N 2 O are summarized in Table I . As the positions of lines assigned to GeO remain unaltered when such labeled N 2 O were used, they are not listed in Table I .
V. RESULTS OF QUANTUM-CHEMICAL COMPUTATIONS
A. Energies and geometries of GeN 2 O isomers
With theoretical calculations according to B3LYP DFT and aug-cc-pVTZ and 6-311+ G͑d , p͒ basis sets, we located five isomers of GeN 2 O: GeNNO ͑in singlet and triplet electronic states͒, cyc- with superscripts "1" and "3," respectively, before "Ge." 1 GeONN and 1 GeNON are unlikely to be produced from 3 Ge+N 2 O because they have energies greater than the reactants. Figure 4 shows the geometries and relative energies ͑zero-point energy corrected͒ of these isomers, respectively; values from B3LYP/6-311+ G͑d , p͒ computations are listed in parentheses. The reference energy is Ge+ N 2 O at Ϫ2261.734 83 hartree for B3LYP/aug-cc-pVTZ or Ϫ2261.638 50 hartree for B3LYP/6-311+ G͑d , p͒. Energies, zero-point energies, and relative energies of GeN 2 O isomers predicted with B3LYP/aug-cc-pVTZ and B3LYP/6-311 +G͑d , p͒ are available from the Electronic Physics Auxiliary Publication Service ͑EPAPS͒. 44 According to computations with B3LYP/aug-cc-pVTZ, the planar 1 GeNNO has the least energy, −98.0 kJ mol −1 , relative to Ge+ N 2 O. The N-O bond length is 1.211 Å, slightly greater than that of NO ͑1.151 Å͒. 45 The Ge-N bond length of 1.692 Å is slightly smaller than those for GeNO ͑1.785 Å͒ ͑Ref. 22͒ predicted at BLYP/aug-cc-pVTZ and GeNNGe ͑1.709 Å͒ ͑Ref. 21͒ predicted at B3LYP/aug-ccpVTZ. The N-N bond length of 1.324 Å is 0.084 Å greater than that of GeNNGe ͑1.240 Å͒ predicted at the same level of theory. 21 The ground electronic state of GeNNO is singlet ͑ 1 AЈ͒; its electronically excited triplet state ͑ 3 AЉ͒ lies 52.1 kJ mol −1 above the ground state. The main difference in geometry between 1 GeNNO and 3 GeNNO is that the ONN moiety of the latter is less bent and the length of the N-N bond decreases from 1.324 Å in the ground singlet state to 1.205 Å in its triplet state, and the length of the Ge-N bond increases from 1.692 to 1.801 Å.
The planar C s -symmetric cyc-1 Ge-2 ͓NN͑O͔͒, with Ge and two N atoms forming a three-membered ring, has energy of −95.0 kJ mol −1 , slightly greater than that of 1 GeNNO. The two Ge-N bonds in the slightly asymmetric threemembered ring are 1. Å
B. Vibrational wavenumbers and IR Intensities of GeN 2 O isomers
Vibrational wavenumbers and IR intensities for each isomer calculated with B3LYP/aug-cc-pVTZ and B3LYP/6-311+ G͑d , p͒ are listed in Table II 72 Ge were also computed and presented as isotopic ratios in Table II . The isotopic ratio is defined as the ratio of vibrational wavenumber of the specific isotopic variant to that of the naturally abundant species, in this case, species containing 74 Ge, 14 N, and 16 O.
C. Reaction paths of Ge+ N 2 O
Reaction paths and energies of the transition states and stable species on the GeN 2 O potential energy surface computed with B3LYP/aug-cc-pVTZ are shown in Fig. 5 . Computed energies and geometries of relevant transition states TS1-TS8 are available from the EPAPS. 44 When 3 Ge and N 2 O approach closely, at least six scenarios might be considered. The Ge atom might interact with the terminal oxygen atom, the terminal nitrogen, or the central nitrogen atom of N 2 O. Alternatively, the Ge atom might interact simultaneously with two nitrogen atom or the oxygen atom and one nitrogen atom in either the central or terminal position.
Interaction between the oxygen atom and the Ge atom is slightly attractive; with no activation a 3 GeONN complex is formed. 3 GeONN is further connected via TS1 ͑E A = 22.0 kJ mol −1 ͒ to a reaction path forming 3 GeO and N 2 . The TS1 transition state having a trans-like structure is more than 10 kJ mol −1 lower in energy at the B3LYP/6-311 +G͑d , p͒ level of theory than the transition state with a cislike structure that was reported previously by Wang et al. 18 This cis-like transition state has a structure almost identical to TS2 ͑see Fig. S1 Interaction between the terminal nitrogen of N 2 O and 3 Ge is strongly exothermic yielding with no activation directly a stable 3 GeNNO complex with a short GeN bond length of 1.801 Å. In contrast, interaction between the central nitrogen atom and 3 Ge is repulsive, even if the initial NNO skeleton geometry is slightly bent. During the optimization the Ge atom becomes oriented toward the terminal nitrogen but eventually forms the stable 3 GeNNO. The same argument is applicable for the interaction between 3 Ge and the two neighboring nitrogen atoms. No stable triplet structure containing a three-membered GeNN ring was located. The bond between the central nitrogen and the germanium atom opened and the structure collapsed into the more stabilized 3 GeNNO. The most important reaction channel of 3 GeNNO occurs on intersystem crossing to the more stable 3 GeNNO ͑−98.0 kJ mol −1 ͒; the two structures are similar. The path to generate GeN and NO from 3 GeNNO has a high barrier via transition state TS5 at 133.7 kJ mol −1 . Interaction between 3 Ge and both terminal nitrogen and oxygen atoms is an endothermic process, because the NNO unit must become bent to accomplish a doubly stabilizing interaction between Ge, O, and N atoms. 
In summary, the results of computations indicate that reactions of 3 Ge with N 2 O likely lead to formation of 3 GeONN and 3 GeNNO; the latter is expected to relax to 1 GeNNO under low-temperature matrix conditions. Other isomers such as 1 GeNON or cyc-3 Ge-2 ͑NNO͒ are unlikely to be produced because the reaction must overcome a large barrier. cyc-3 Ge-2 ͑NNO͒ might not be observed because the barrier for the decay into 3 GeO+ N 2 is small. The probability to produce cyc-1 Ge-2 ͓NN͑O͔͒ directly in experiments with codeposition of 3 Ge+N 2 O might be small because we are unable to locate any direct path connecting 3 Ge+N 2 O with cyc-1 Ge-2 ͓NN͑O͔͒.
VI. DISCUSSION
A. Assignment of observed new features in group A to 1 GeNNO
From the 15 N-isotopic substitution experiments ͑Fig. 3͒, the new species clearly contains two N atoms; all three main vibrational lines near 1443.7, 1102.4, and 784.0 cm −1 involve inequivalent motions from these two N atoms because no observed isotopic shift is identical. The possibility of this species being GeNN is readily excluded because we expect a much larger vibrational wavenumber for the N = N stretching mode of GeNN, as confirmed from quantum-chemical 
The isotopic ratio is defined as the ratio of vibrational wavenumber of the specific isotopic variant to that of the naturally abundant species, in this case, species containing According to our computations, 3 GeONN is expected to be directly formed from 3 The only species listed in Table II According to quantum-chemical computations, we found no reaction path that yielded directly cyc-1 Ge-2 ͓NN͑O͔͒ under our experimental conditions. This is consistent with the extremely small intensity observed for this feature.
VII. CONCLUSION
We codeposited Ge metal vapor and N 2 O in Ar onto a substrate at 11 K and observed lines in three groups that exhibit distinct photochemical behaviors. The group with the most intense features is assigned to absorption of 1 1 GeNNO is the major channel; Ge reacts with N 2 O to form 3 GeNNO followed by relaxation to the more stable 1 GeNNO.
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